T he Last Glacial Maximum (
LGM) is conventionally defined from sea-level records as the most recent interval in Earth history when global ice sheets reached their maximum integrated volume (1) . Because sea level is an integrated signal, however, it does not distinguish between globally synchronous ice-sheet maxima that may have been in equilibrium throughout this interval and temporally variable regional ice-sheet maxima that combined to produce a millennialong sea-level lowstand. Resolving the timing of regional variability in ice-sheet maxima is also important for understanding ice-sheet sensitivity to regional and global climate change, as well as in establishing ice-sheet-climate feedbacks. In particular, key questions that remain widely debated are what initiated the last deglaciation of the global ice sheets and what was their subsequent role during deglaciation in climate change, questions that are best assessed from the record of individual ice sheets rather than the integrated sealevel record.
We drew on 4271 14 C ages and 475 terrestrial cosmogenic nuclide (TCN) ages that span the interval from 10,000 to 50,000 years ago (10 to 50 ka) to constrain the timing of maxima in global ice-sheet extent (Fig. 1) . For all but the BarentsKara and Greenland Ice Sheets, the spatial distribution of ages is sufficient to evaluate regional variability in the timing of maxima for different sectors of individual ice sheets. Because ice-sheet extent scales with ice volume (2), our constraints on regional variability in ice-sheet maxima allow us to evaluate the temporal evolution of individual ice-sheet contributions to global sea-level change. Because mountain glaciers are highly sensitive to climate change, we used an additional 172 14 C ages and 786 TCN ages to constrain mountainglacier fluctuations from five widely distributed regions of the world (Fig. 1) , allowing a more comprehensive assessment of the response of the cryosphere to climate change.
The LGM sea-level lowstand. We used existing relative sea level (RSL) data from far-field sites to constrain the timing of the LGM as occurring from 26.5 to 19.0 ka (Fig. 2) (3) (4) (5) . The sea-level change at these sites will differ from the eustatic change because of the spatially varying gravitational, deformational, and rotational perturbations in sea level driven by the ice-ocean mass transfer (6) . In order to evaluate these effects, we used a state-of-the-art theory that includes a realistic glaciation phase to predict the RSL change at these far-field sites (7). Our ice model is characterized by a peak eustatic sea-level fall of~130 m over the LGM (Fig. 2) , which is in agreement with independent estimates (3, 8) .
We find that in the prediction for Barbados, peripheral bulge dynamics and, to a lesser extent, the continental (lithospheric) levering effect dominate the anti-syphoning effect during the LGM (7), leading to a net sea-level fall of~3 m. In contrast, the remaining four sites lie well outside the peripheral bulges, and the sea-level rise due to anti-syphoning dominates; the net result is ã 4-to 5-m rise in sea level at these sites. Thus, across the LGM period, when the modeled ice history shows no change in the ice volume, the differential sea-level change between Barbados and the other sites approaches 10 m (Fig. 2 and  fig. S1 ).
Global ice-sheet history. Our compilation of radiometric ages suggests that there is considerable regional variability in the timing of when ice sheets (and various sectors of ice sheets) first reached their local last glacial maxima (LLGM) (9). Within uncertainties, the earliest maxima were reached by several ice sheets (or sectors of ice sheets) sometime between 29 to 33 ka ( Fig. 3B and figs. S2 and S3 ). This early response included large and small ice sheets at mid-and high northern latitudes, as well as the West Antarctic Ice Sheet (WAIS) in the Southern Hemisphere. Over the next 2500 years, the remaining ice sheets [and sectors of the Laurentide Ice Sheet (LIS)] continued to grow, so that by 26.5 ka, nearly all ice sheets had attained their maximum extents, corresponding to the onset of the LGM sea-level lowstand (Fig. 3C ). In the context of the global sea-level record, we find that this expansion of ice sheets to their maximum extent can explain much of the global sea-level fall from intermediate levels during marine isotope stage (MIS) 3 to the LGM lowstand (7).
Based on the youngest possible age for ice-sheet maxima derived from our uncertainty assessment (7), most of the LIS, the northwest Cordilleran Ice Sheet (CIS), the Barents-Kara Ice Sheet (BKIS), the British-Irish Ice Sheet (BIIS), and the Scandinavian Ice Sheet (SIS) had begun to retreat from their maxima between 19 and 20 ka (10) (Fig. 3B) . Although the onset of Greenland Ice Sheet (GIS) retreat from the LLGM is poorly constrained by existing 14 C and TCN ages ( fig. S3B ), marine records of GIS runoff suggest that GIS retreat may have commenced~20 ka (11). This evidence for widespread ice-margin retreat occurring between 19 and 20 ka indicates that the 19-ka meltwater pulse, which represents a rapid 10-m rise in sea level from the LGM lowstand sometime between 19 and 20 ka (Fig. 3C) (8, 12) , originated from these Northern Hemisphere ice sheets (13).
In the Southern Hemisphere, the best-dated record from Antarctica is for the WAIS in the Ross Sea region ( fig. S3A ). Stratigraphic relations of 14 C ages to ice-margin history suggest an onset of retreat from the WAIS maximum extent in the Ross Sea between 13.9 and 15.2 ka (7) which, within dating uncertainties, corresponds to the rapid rise in sea level~14.5 ka referred to as meltwater pulse 1A (MWP-1A) (14-19).
Mountain glaciation. There is information suggesting that in many places, mountain glaciers were near or at their maximum extent by~30 ka, which is broadly contemporaneous with the interval when global ice sheets first began to reach their maxima (Fig. 3B) (7) . Within uncertainties (7), the TCN-based geochronology suggests that mountain glaciers in western North America, Europe, and the tropics began to retreat from their LLGM positions before those in Tibet and the mid-latitudes of the Southern Hemisphere (Fig.  3A and fig. S4 ) (20) (21) (22) . Moreover, the earlier retreat of Northern Hemisphere mountain glaciers is synchronous, within error, with retreat from most Northern Hemisphere LLGM ice-sheet margins at~19 ka. The retreat of tropical glaciers may also be synchronous, but because the differences in scaling factors are greatest in the tropics ( fig.  S4 ), it is equally likely that tropical-glacier retreat occurred earlier (Fig. 3A) .
Discussion and conclusions. We have shown that the duration of the LGM sea-level lowstand (26.5 to 19 ka) is in excellent agreement with the duration of maximum extent of most of the global ice sheets, suggesting that most of the global ice sheets were in near-equilibrium with climate during this 7500-year interval (23) . We have also documented specific icesheet contributions to several key events in the evolution of the integrated global sea-level record into and out of the LGM, including a Northern Hemisphere ice-sheet source for the 19-ka MWP and a significant Antarctic ice-sheet contribution to MWP-1A. Insofar as these two MWP's represent a substantial flux of freshwater into the surrounding ocean, the geographic sources of these events are consistent with inducing the ocean and climate changes that occurred at these times (12, 24).
Our constraints in support of an extended
LGM sea-level lowstand provide important insights into the origin of the carbonate d (27) to the corresponding sea-level change of 127.5 T 7.5 m Fig. 2 . Sea-level predictions for New Guinea (blue line) and Barbados (purple line) compared to RSL data with depth uncertainty for the interval from 10 to 50 ka from New Guinea (blue circles) (4, 52, 53) , Barbados (purple triangles) (5, 54) , the Bonaparte Gulf (green half-pluses representing age and depth uncertainty) (8) , and the Sunda Shelf (blue half-pluses) (55) . Eustatic sea-level time series are shown as a gray line. The vertical gray bar indicates the time of the LGM as defined from the RSL data. S4 ). In those bars, the vertical purple segment and associated horizontal gray segment represent the mean age and the 1s age range for the onset of deglaciation based on the scaling factor that delivers the oldest age for the region, whereas the vertical blue segment and associated area outlined in gray represent the mean age and the 1s age range for the onset of deglaciation based on the scaling factor that delivers the youngest age for the region (7). (B) Summary of the timing of the LLGM for each of the ice-sheet sectors and ice sheets shown in figs. S2 and S3, with the small horizontal purple bars with gray bars on either end representing the time of the LLGM and associated error, respectively (7). The seven LIS sectors are Maritimes (Marit.), New England (NewE.), the Ohio-Erie-Ontario Lobe (OEOL), the Lake Michigan Lobe (LML), the Des Moines Lobe (DML), the Mackenzie River Lobe (MRL), and the northeastern margin (NE). The three SIS sectors are northwest (NW), southwest (SW), and south (S). (C) RSL data with depth uncertainty for the interval from 10 to 50 ka from New Guinea (blue circles) (4, 52, 53) , Barbados (purple triangles) (5, 54), the Bonaparte Gulf (green half-pluses representing age and depth uncertainty) (8) , and the Sunda Shelf (blue half-pluses) (55 (5, 8) (Fig. 4A) . (Fig. 4C) . Based on a relation of 0.28 ‰°C −1
, this analysis suggests a maximum cooling of the mean deep ocean temperature of 3.25 T 0.55°C, which, for a current mean deep ocean temperature (>2000 m) of 1.3°C (30) , would place the average temperature of deep ocean waters (-2.2°C) near the freezing point, similar to previous data analyses (1, 26, 27 ) and model results (29) (Fig. 4C) . Within the context of the LGM, however, two additional features of this analysis stand out: Average deep ocean temperatures must have warmed by nearly 1°C during the interval when ice sheets were reaching their maximum extent, followed by a cooling trend through the LGM that culminated in maximum cooling occurring well after the LGM (Fig. 4C) . We emphasize that the LR04 stack does not capture regional variability in d
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O T and that Skinner and Shackleton (25) argued that the Atlantic temperature minimum leads that of the Pacific, as is apparent from the d
O c records shown in Fig. 4B . In contrast, however, these same d
O c records indicate that there are no substantial regional phase offsets in the evolution of temperature leading into and during the LGM, suggesting a more uniform change in the global ocean heat budget during this time.
Our well-established timing of the LGM also allows us to address the forcing mechanisms that induce changes in ice volume and feedbacks with the climate system. Of particular interest is the role that high northern latitude insolation plays in these changes relative to other mechanisms internal to the climate system (31, 32). We focus on three of the more widely proposed mechanisms: high northern latitude insolation, atmospheric CO 2 , and tropical Pacific sea surface temperatures (SSTs) (Fig. 5) . In evaluating insolation, we include the summer energy index, defined as the sum of insolation at a given latitude on days when a threshold insolation value corresponding to 0°C is exceeded (33) . Because the relation between temperature and insolation will vary depending on, for example, albedo, elevation, and atmospheric greenhouse gas concentrations, we established the LGM threshold insolation value from an atmospheric general circulation model (AGCM) simulation with glacial boundary conditions ( fig. S5) (7) .
A combination of these three forcing mechanisms appears to explain the growth phase of ice sheets to their LLGM positions. The initial phase of sea-level lowering toward the LGM lowstand, accompanied by the time of earliest LLGM icesheet maxima (33 to 29 ka), occurred at the same time that northern summer insolation began to decline (Fig. 5B ) and as summer energy was decreasing, particularly at 45°N, where ablation rates along the southern LIS margin would have been most sensitive to this index (Fig. 5A ), thus supporting a northern latitude insolation control on ice-sheet growth. This insolation control may have been augmented by additional radiative Fig. 4 . Constraints on changes in sea level and deep ocean temperature. The vertical purple bar represents the time of LGM as defined from the RSL data, whereas the vertical gray bar represents the earliest interval when sea level began to fall to the LGM lowstand, corresponding to the time when the first ice-sheet LLGM were reached (Fig. 3) . (A) RSL data for the interval from 10 to 50 ka (Fig. 3) , converted to d (28) (Fig. 4B) , with the residual d forcing from a small (~15 parts per million) decrease in atmospheric CO 2 (Fig. 5C) .
There is also a strong temporal relationship between SST changes in the eastern equatorial Pacific and ice growth, which suggests that the 2°t o 4°C cooling that occurred between 38 and 30 ka (Fig. 5D) (31, 34, 35 ) may have played a role in ice-sheet growth. SST records from the western equatorial Pacific indicate that surface waters in the warm pool had already cooled to LGM values by~60 ka (31, 36) , suggesting that the decrease in SSTs in the eastern equatorial Pacific between 38 and 30 ka reflects a decrease in the equatorial zonal SST gradient, resulting in a more La Niña-like SST field. A model of the response of the NINO3 index (the SST anomaly averaged over 150°W to 90°W and 5°S to 5°N) to orbital forcing indicates that this cooling may have been caused by changes in low-latitude precession-related insolation (37) (Fig. 5D) .
Regardless of their cause, AGCM simulations show that these changes in tropical Pacific SSTs would have induced a significant increase in the mass balance of Northern Hemisphere ice sheets (38) and thus were an important factor in explaining the ice-sheet growth phase. We used these simulations to estimate the possible sea-level response to a cooling of the tropical Pacific. (38) , which integrated over the area of the ice sheet for 6500 years (33.0 to 26.5 ka) results in a global sealevel fall of~24 m (39). It is likely, however, that as the LIS expanded, the additional ice-sheet area added mass as well. Assuming that a similar mass balance increase (0.17 m year −1 ) applied to the LIS expanding in area at an average rate of 611 km 2 year −1 results in a sea-level fall of~31 m. This analysis thus indicates that tropical Pacific SST cooling probably played an important role in causing the 32 to 38 m of sea-level fall associated with the growth of the LIS to its LLGM extent that we estimated from area-volume scaling relations (7) . AGCM simulations further show that other Northern Hemisphere ice sheets responded similarly to tropical Pacific cooling (38) and may have caused an additional 13 m of sea-level fall in the 6500-year growth interval. The WAIS also reached its LLGM extent early in this growth interval (Fig. 3B) , with its growth explaining much of the remaining sea-level fall to the LGM lowstand. In this case, recent analyses have shown that local changes in austral spring insolation control (40) or the duration of summer at high southern latitudes (41) may have induced climate changes that favored ice-sheet growth.
In contrast to the multiple controls that may have induced ice-sheet growth, our geochronology for the LGM clearly demonstrates that only northern insolation led the termination and was thus the primary mechanism for triggering the onset of Northern Hemisphere deglaciation (Fig. 5) . Moreover, the fact that ice sheets of all sizes, as well as Northern Hemisphere mountain glaciers, began to retreat at approximately the same time (19 to 20 ka) (Fig. 3, A and B) suggests that the primary insolation control on initial deglaciation was through increased summer ablation, which can substantially reduce the long response times of large ice sheets by enabling dynamical processes that lead to rapid mass loss. When considering the onset of the LGM, we note that most Northern Hemisphere LGM ice sheets were in equilibrium (mass balance) as long as summer insolation was within 10 W m −2 (or 0.2 GJ m −2 for summer energy) of the minimum value (Fig.  5) . The maximum ice sheets may themselves have reinforced this equilibrium condition by maintaining near-constant freshwater fluxes to the oceans and high albedo and orography, thereby reducing their role in causing climate variability (42) (Fig. 5E ). Simulated precessional forcing of tropical SSTs (37) suggests that the warming of the eastern tropical Pacific should have occurred 4 to 5 ky earlier than it actually began (Fig. 5D ), indicating modulation of the SST response to precession by some other mechanism. Insofar as a key element of this simulated response involves the seasonal position of the Intertropical Convergence Zone (ITCZ) (37) , one possible mechanism may involve high-latitude cooling induced by expansion of ice sheets and sea ice during the LGM and the effect of this cooling in steepening the pole-to-equator temperature gradient and thus shifting the mean position of the ITCZ (43) . At the same time, this extratropical forcing associated with glacial boundary conditions may have directly caused cooler tropical SSTs (44) , thus changing the sensitivity of the tropical Pacific to precessional forcing. In any event, warming of tropical Pacific SSTs did not begin until after 19 ka (Fig. 5D ) and thus did not contribute to the termination of the LGM.
The onset of deglaciation of some ice sheets and mountain glaciers from their maxima was delayed until after 19 ka (Fig. 3) , suggesting the existence of regional controls on glacier mass balance that modulated their response to insolation (45) . Dyke and Prest (46) attributed the lag of the LLGM of the main body of the CIS with respect to the LLGM of the LIS (Fig. 3B) to atmospheric feedbacks associated with the influence of the growing LIS on the surface mass balance of the CIS and vice versa. Initial retreat of the northeastern LIS margin may have started near 19 ka, but retreat rates through the deglaciation were low (47) , so that the climatic effects of the lingering ice sheet in this region induced a longer LLGM for the adjacent Innuitian Ice Sheet (IIS). The onset of retreat of the WAIS~14.5 ka was substantially later than the start of regional warming throughout much of the Southern Hemisphere~18 to 19 ka (48, 49) , and its large contribution to MWP-1A (19) suggests a nonlinear response to this warming, perhaps through the collapse of buttressing ice shelves.
Finally, we consider the timing of the LGM retreat of mountain glaciers in Tibet and the Southern Hemisphere, which occurred between 16 and 18 ka (Fig. 3A) . One possible explanation for the delayed deglaciation in Tibet is that it was due to the strong influence of the East Asian monsoon, which remained unchanged throughout the LGM until it abruptly weakened 17.5 ka (50) . This weakening may have resulted in a reduction in moisture delivered to the glacier, causing a shift to negative mass balance. The initial retreat of Southern Hemisphere mountain glaciers, on the other hand, is consistent with the onset of Southern Hemisphere warming (21) .
Although the lead-lag relationships established here by the timing of the LGM point to northern latitude insolation as the primary trigger of initial deglaciation of most Northern Hemisphere ice sheets and glaciers, subsequent increases in atmospheric CO 2 and tropical Pacific SSTs (Fig. 5, C and D) demonstrate the importance of carbon cycle and ocean feedbacks in amplifying the deglacial response and causing global warming. Whether these changes in CO 2 and SSTs were induced by deglaciation of Northern Hemisphere ice sheets (12) or high southern latitude insolation (40, 41) , however, remains an open question. regional variability in the timing of ice-sheet and glacier fluctuations relative to the globally integrated sea-level record used to define the LGM. 10. There is evidence that some ice margins experienced small (tens of kilometers) fluctuations while at or near their LLGM position, such as the New England margin at Martha's Vineyard or the margin of the Ohio-Erie lobe in Ohio (7). We define the termination of the LLGM on the basis of when the margin began a sustained retreat from its LLGM position. ka. The southern margin of the CIS (where dating constraints are best) retreated from its maximum extent between 16 and 17 ka, whereas the IIS was the last of the global ice sheets to start to retreat from its maximum extent at~13.5 ka (Fig. 3B) 
